Abstract. To understand ripening-dependent changes in phytonutrients, five commercial cultivars of red peppers (Capsicum annuum L.) grown in an open field in Taean, South Korea, were selected and their fruits were harvested at green mature (GM), intermediate breaker (BR), and red ripe (RR) stages and their phytonutrient contents and antioxidant activities were compared. Three major patterns in relation to ripening progress were observed. First, continuous increases were observed in vitamin C, total phenol, vitamin E (especially a-tocopherol), total free sugar, b-carotene, linolenic acid content, and antioxidant activity. Second, decreasing patterns were observed in phytosterols (campesterol, stigmasterol, and b-sitosterol) and linoleic acid. Third, total flavonoid and squalene contents were relatively higher at the BR stage compared with the GM and RR stages. These results indicate that each phytonutrient has a unique pattern of accumulation and degradation during the fruit-maturing process. Unlike the mentioned phytonutrients, which showed similar patterns in all tested cultivars, capsaicinoids exhibited quite different patterns of ripening-dependent changes among the cultivars. Throughout the ripening processes, positive correlations with antioxidant activity were observed in vitamin E (r = 0.814**), b-carotene (r = 0.772*), vitamin C (r = 0.610**), and total phenol (r = 0.595**) contents, whereas capsaicinoids, total flavonoid, and phytosterols exhibited no or slightly negative correlations. In conclusion, the ripening of red pepper fruits is accompanied by continuous increments in various phytonutrients and subsequent antioxidant activity.
is a key ingredient in many kinds of important Korean processed food products such as Kochujang and Kimchi because of its unique pungency and color (Kim et al., 2002) . Pepper contains a number of health-beneficial phytochemicals (Bhandari et al., 2012; Deepa et al., 2007; Topuz and Ozdemir, 2007) . For example, capsaicinoid, a group of alkaloid compounds that is responsible for the pungency of pepper, possesses strong physiological and pharmacological activities (Mori et al., 2006) . A number of phytochemicals that are present in peppers such as phenolics, vitamin C, vitamin E, and carotenoids may contribute to antioxidant activity and consequently show various pharmacological and nutritional activities (Balasundram et al., 2006; Burton and Traber, 1990; Guil-Guerrero et al., 2006; Khor and Chieng, 1997; Manach et al., 2005; Marangoni and Poli, 2010; Rietjens et al., 2002; van Rensburg et al., 2000; Zhuang et al., 2012) . The amounts of these phytonutrient compounds, however, are readily affected by various genetic and environmental factors such as the variety, cultivation practices, and even cultivation year (Bae et al., 2012; Deepa et al., 2007; Guerra et al., 2011; Howard et al., 2000; Marin et al., 2009; Menichini et al., 2009; Topuz and Ozdemir, 2007; Wahyuni et al., 2011) . The ripening of pepper fruit is also an important factor in determining phytonutrient contents because during fruit ripening, pepper fruits undergo significant physiological, biochemical, and structural changes that in turn result in changes in color, flavor, firmness, and market quality (Cisneros-Pineda et al., 2007; Conforti et al., 2007; Deepa et al., 2007; Howard et al., 2000; Weryszko-Chmielewska and Michalojc, 2011) . Therefore, it is important to understand how changes in various healthbeneficial phytochemicals are influenced by the ripening process. Such ripeningdependent phytonutrient changes are especially important for the Korean diet because peppers harvested at green stages are popularly consumed as a fresh vegetable in Korea and its production area (26,398 ha) and annual market size (%$270 million U.S.) reaches %10% and 25% of the dried red pepper powder industry in Korea, respectively (KOSIS, 2012) . Most previous phytonutrient research reports have focused on changes in capsaicin, water-soluble vitamin C, and carotenoids that are directly related to peppers' commercial quality such as pungency and color. In contrast, information about changes in lipid-soluble phytonutrients such as vitamin E, squalene, phytosterols, and fatty acids, which also carry important health-beneficial properties such as antioxidant, anticancer, tumor proliferative, and cholesterol-lowering effects (Burton and Traber, 1990; Hargrove et al., 2001; Khor and Chieng, 1997; Marangoni and Poli, 2010) in pepper fruits, is limited. This research focused on tracing ripening-dependent changes in various phytonutrients, including capsaicinoids, vitamin C, free sugars, total phenols, total flavonoids, vitamin E, squalene, campesterol, b-sitosterol, stigmasterol, and fatty acid composition, in pepper fruits and their relationships with antioxidant activity in five pepper cultivars most popularly cultivated in open fields of Taean county of South Korea.
Materials and Methods
Plant materials and sampling. In preliminary experiments, considerable variation in phytonutrients was observed among individual plants; i.e., pepper fruits of the same ripening stage that were collected from different plants exhibited significant variation (data not shown). To minimize individual plant-based variation in the evaluation of ripening-dependent variation, 10 to 15 individual pepper plants from five pepper cultivars: 21-Segi, Baerotta, Muhanjilju, PRMujeokplus, and Superbigarim, which were commercially cultivated in an open field in Taean, South Korea, were selected and pepper fruits were harvested from the plants at three different ripening stages: GM, BR, and RR. The sampled fruits were briefly cleaned with a paper towel and pooled together according to their ripening stage (%1.5 kg for each stage) after their pedicel was removed. Some phytochemicals such as vitamin C, free sugars, total phenol, and total flavonoids and water content were measured using fresh samples. Vitamin E, squalene, phytosterols, fatty acids, b-carotene, and antioxidant activity were analyzed after the samples were dried in an oven at 55°C for 72 h and ground into a fine powder. The powdered samples were kept under airtight conditions at 4°C until the analysis was performed. In both the fresh weight as well as dry weight basis analyses, the whole pepper pod including all pericarp, placenta, and seeds was used for homogenization. All of the experiments were conducted in triplicate by collecting three samples for independent analyses from the pooled fresh or powdered samples.
Vitamin C analysis. Fresh peppers pods (5 g) were homogenized and extracted in 50 mL of 5% metaphosphoric acid solution. The extract was centrifuged, filtered through a 0.45-mm syringe filter (nylon), and analyzed using a high-performance liquid chromatography (HPLC) system (S1211; Sykam, Germany) with a Zorbax SB-Aq column (4.6 · 250 mm; 5 mm; Agilent). As a mobile phase, 0.05 M metaphosphoric acid with acetonitrile (99/1, v/v) was used at a flow rate of 1.0 mL · min -1 . Measurements were taken using an ultraviolet detector (S3200; Sykam) at 254 nm. Data were recorded and integrated using Multichro TM (Yullin Technology, South Korea) chromatography software.
Total phenol analysis. Total phenolic content was estimated using the Folin-Ciocalteu colorimetric method based on the procedure of Singleton and Rossi (1965) using ferulic acid as a standard phenolic compound. Ten grams of fresh pepper were ground into a fine paste and extracted in 80% methanol for 12 h on an orbital shaker. Then, the extract was filtered through a Whatman No. 42 filter paper, and 1 mL of supernatant was mixed with 3 mL distilled water in a 15-mL Falcon tube. After adding 1 mL Folin reagent, the solution was incubated in a water bath at 27°C for 5 min. Then, 1 mL of saturated sodium carbonate was added. After 1 h, the absorbance of the extract was measured using a ultraviolet/VIS spectrophotometer (Biochrom-Libra S22, U.K.) at 640 nm. Ferulic acid standards in different concentrations were used for the calibration, and total phenol content was expressed as milligrams of ferulic acid equivalent (FAE) per 100 g of fresh pepper.
Total flavonoid analysis. Total flavonoid content was estimated using the colorimetric method as described by Marinova et al. (2005) . The pepper extract that was obtained for the total phenol analysis was also used for the total flavonoid analysis. One milliliter of the extract was kept in a 15-mL Falcon tube containing 4 mL of distilled water. Then, 0.3 mL of 5% sodium nitrite was added; after 5 min, 0.3 mL of 10% AlCl 3 was added to the solution. At the sixth minute, 2 mL of 1 M NaOH was added and distilled water was added to obtain a final volume of 10 mL. The solution was mixed thoroughly and the absorbance was measured at 510 nm using a ultraviolet/ VIS spectrophotometer (Biochrom-Libra S22). Eighty percent methanol was used as a blank. Catechin hydrate in different concentrations was used as a standard, and total flavonoid was expressed as milligrams of catechin hydrate equivalent (CE) per 100 g of fresh weight.
b-carotene analysis. The b-carotene contents of pepper samples were determined following the method of Nagata and Yamashita (1992) with slight modifications. Fresh pepper fruits (1.0 g) were combined with liquid nitrogen, ground using a mortar and pestle, and transferred into 50-mL Falcon tubes. Then, 25 mL of acetone-hexane (4:6) solvent was added and the tube contents were mixed. The upper clean layer was taken and absorbance values at 663, 645, 505, and 453 nm were measured using a ultraviolet/VIS spectrophotometer (Biochrom-Libra S22) with acetone-hexane (4:6) as a blank. The b-carotene content in a sample was calculated using the following formula:
Free sugars analysis. Five grams of fresh ground pepper were extracted with distilled water by shaking for 20 min in a water bath at 80°C. The solution was centrifuged, filtered through a syringe filter (0.45 mm, nylon), and analyzed using the HPLC system (S1211; Sykam) with a Kromasil 100-10-NH2 column (250 · 4.6 mm) and a refractive index detector (S3500; Sykam) with acetonitrile/ distilled water (75/25, v/v) as a mobile phase at a flow rate of 1.2 mL · min -1
. Vitamin E, squalene, and phytosterols analysis. Samples for the vitamin E, squalene, and phytosterols analyses were prepared using the procedures described by Bhandari et al. (2012) with some modifications. Briefly, 2 g of powdered dried pepper was mixed with 15 mL ethanol and ascorbic acid as an antioxidant and shaken in a water bath at 80°C for 18 min. Next, 300 mL of 44% KOH was added and the mixture was shaken for 18 min at 80°C for saponification. The tubes were then immediately cooled in an ice bucket, 10 mL n-hexane and 10 mL of distilled water were added, the contents were mixed, the mixture was centrifuged for 10 min at 1000 rpm, and the upper hexane layer was collected. This process was repeated three times and the collected hexane layers were pooled and washed with 10 mL distilled water three times. The samples were then passed through anhydrous Na 2 SO 4 to remove any water, concentrated in a rotary evaporator, dissolved in 1 mL isooctane, and injected into a gas chromatograph (GC; CP-3800; Varian) equipped with a flame ionization detector (FID) and a capillary column (CP-SIL 8CB, 30 m · 0.25 mm, 0.4-mm film thickness). The injector and detector temperature was set at 290°C and the injection volume was 1 mL with a split ratio of 1:20 under constant column flow (1.0 mL · min -1 ) with helium as a carrier gas. The oven temperature was initially set at 220°C for 2 min; it was then increased to 290°C at a rate of 5°C · min -1 , held constant for 14 min, and then increased to 310°C at a rate of 10°C · min -1 . Fatty acid composition analysis. Powdered pepper samples (0.2 g) were mixed with 680 mL of methylation mixture solution (MeOH:benzene:2,2-dimethoxypropane:H 2 SO 4 = 39:20:5:2) and 400 mL of heptane. After vigorous mixing and heating for 2 h at 80°C in a water bath and cooling to room temperature, the heptane layer was collected and injected into a GC (GC-2010 plus; Shimadzu, Japan) equipped with a FID and a capillary column: CP SiL 88 CB fatty acid methyl ester (25 m · 0.25 mm, 0.25 mm). Both the injector and detector temperatures were set at 210°C, and the injection volume was 1 mL with a 1:50 split ratio. A constant column flow (1 mL · min -1 ) of helium carrier gas was applied and the oven temperature was initially maintained at 100°C for 5 min, increased to 160°C at a rate of 5°C · min -1 , maintained for 5 min, and increased to 180°C at a rate of 4°C · min -1 . Capsaicinoid analysis. Capsaicin and dihydrocapsaicin contents were analyzed using the methods described by Bhandari et al. (2012) . Briefly, powdered pepper samples (2.0 g) were extracted with ethyl alcohol by shaking for 5 h at room temperature. After centrifugation, the supernatant was passed through a 0.45-mm nylon syringe filter and injected into an HPLC system (S1211; Sykam) equipped with an Eternity-5-Phenyl Hexyl column (150 · 4.6 mm; Alltech Co.) and acetonitrile/acetic acid/distilled water (40/1/ 59, v/v/v) as a mobile phase at a flow rate of 1.7 mL · min -1 . Measurements were taken using an ultraviolet/visible detector (ultraviolet-VIS 200; Linear) at 280 nm. The data were recorded and integrated using Peak Simple chromatography software (Version 3.56; SRI Instrument).
Determination of antioxidant activity. The antioxidant activities of pepper extracts were determined using the 2,2,-diphenyl-1-picrylhydracyl (DPPH) radical scavenging method of Koleva et al. (2002) with modifications. Powdered pepper samples (1.0 g) were extracted in 20 mL methanol for 12 h by shaking at room temperature and filtered through Whatman No. 42 filter papers. The aliquot was used to determine the samples' radical scavenging activity. First, 100 mL of DPPH solution was added to 100 mL of different concentrations (2.5, 5.0, 10.0, 20.0, and 30.0 mg · mL -1 ) of extract in a 96-well plate. After 30 min, the absorbance levels of the resulting solutions were measured using a micro-plate reader (Infinite Ò M1000 PRO; TECAN, Austria) at 517 nm against methanol without DPPH as a blank. Similarly, the absorbance levels of samples were also measured after 100-mL samples were mixed with 100 mL of methanol. The free-radical scavenging activity (%) was calculated using the following equation:
where A is the absorbance of [(sample + DPPH) -(sample + methanol)] and B is
IC 50 values, which represent the concentration required to obtain a 50% antioxidant capacity, were calculated and used to compare antioxidant activities among sample extracts.
Authentic standards and chemicals. Authentic standards for vitamin C, squalene, campesterol, stigmasterol, b-sitosterol, glucose, sucrose, fructose, ferulic acid, and catechin hydrate were purchased from SigmaAldrich. Capsaicin and dihydrocapsaicin were obtained from Fluka. Standards for fatty acid methyl ester were acquired from Supelco, and vitamin E (a-, b-, g-and d-tocopherols) standards were purchased from Merck (Germany). Chemicals such as acetonitrile, acetic acid, n-hexane, iso-octane, and methanol in HPLC grade were purchased from J.T Baker. Nitric acid and 2,2-dimethoxypropane were obtained from Sigma-Aldrich. Acetone, benzene, n-heptane, sulfuric acid, ethanol, sodium sulfate anhydrous, and sodium hydroxide were purchased from Daejung Chemicals (Republic of Korea). Chloroform and metaphosphoric acids were acquired from Junsei (Japan). Potassium hydroxide was purchased from Samchun (Republic of Korea), and ethyl ether (HPLC grade) was obtained from Fisher Scientific (Republic of Korea).
Statistical analyses. For each sample, at least three independent replicate measurements were taken. Data were expressed on either a fresh weight or dry weight basis; vitamin C, free sugars, total phenols, and total flavonoids were calculated on a fresh weight basis, whereas other phytonutrients were determined on a dry weight basis. General linear models for analysis of variance followed by Duncan's multiple range test at P < 0.05 (SPSS statistics, Version 18; SPSS, Chicago, IL) were used to evaluate significant difference in phytonutrients among ripening stages.
Results and Discussion
Vitamin C content. Vitamin C, a watersoluble natural antioxidant, is present in peppers in considerable amounts when compared with other vegetables (Lee and Kader, 2000) . We observed higher vitamin C content in pepper cultivars ranging from 13.3 to 22.3 mg · kg -1 at the green stage to 510.7 to 996.7 at the red stage than in red peppers from Turkey (Topuz and Ozdemir, 2007) , sweet peppers (Deepa et al., 2007) , and sweet bell peppers (Ghasemnezhad et al., 2011) . Our results showed that vitamin C content was dependent on ripening with vitamin C increasing as ripening progressed (Fig. 1A) . For example, 'Baerotta', a cultivar that had a relatively low vitamin C content compared with the other cultivars, showed continuous increment from the GM (13.3 mg · kg -1 ) to the BR (360.1 mg · kg ). The ripening of pepper fruit has been thought to affect vitamin C content in sweet peppers (Deepa et al., 2007) and our results are consistent with previous reports by Howard et al. (2000) who described higher levels of vitamin C in various species of pepper fruits. However, inconsistent findings can also be found with some studies reporting that vitamin C increased or remained constant as fruit matured (OsunaGarcia et al., 1998) and decreased with further ripening in red peppers (Deepa et al., 2007; Gnayfeed et al., 2001; Navarro et al., 2006) depending on the pepper species. These inconsistencies may be the result of differences in experimental conditions such as the cultivars used and sampling protocols. For example, in our experiment, we took samples from a relatively small number of pepper plants to reduce the plant-based variations, whereas other studies used pepper fruits from large numbers of plants as well as different species and cultivars, which would have led to the inclusion of more individual plant-based variation.
Total phenol content. Phenolic compounds, which are important secondary metabolites, possess various biological activities (Manach et al., 2005) , the most important of which is antioxidant activity that is associated with reduced cancer risk (Czeczot, 2000) . Total phenol content in pepper fruits increased as ripening progressed; i.e., it was lowest in the GM stage, gradually increased in BR, and was highest in RR (Fig. 1B) in which it ranged from 276.9 to 898.4 mg FAE/kg in the GM stage to 938.4 to 1401.2 mg FAE/kg in the RR stage, which was higher than reported by Navarro et al. (2006) in red pepper and lower than reported by Howard et al. (2000) in various Capsicum annuum cultivars. All of the cultivars exhibited the same trend in total phenol increase, and among the five tested cultivars, 'PR-Mujeokplus' had the highest ripening-dependent increment (339% with 938.4 mg FAE/kg in the RR stage compared with 276.9 mg FAE/kg in the GM stage). These results are in agreement with those of Howard et al. (2000) and Lee et al. (1995) in various pepper species, although Conforti et al. (2007) and Ghasemnezhad et al. (2011) observed decreases in phenol content during ripening in bell pepper fruits. All these results suggest that total phenol content in red peppers is dependent not only on pepper genotype, but also by their ripening stages. However, further quantitative studies of individual phenolic compounds appear to be needed. Total flavonoid content. Flavonoids are well-known natural antioxidants that serve as free radical scavengers to protect the human body from oxidative damage (Halliwell, 1996; Middleton et al., 2000; Miliauskas et al., 2004) . Total flavonoid content also showed ripening-dependent changes. Unlike vitamin C and total phenol contents, however, total flavonoid content was higher in the BR stage than in the GM and RR stages (Fig. 1C) suggesting that phytonutrients have their own unique pattern of accumulation and degradation during the fruit-maturing process. Ripening-dependent changes in total flavonoid were not as prominent as the patterns in vitamin C and total phenols in that only three cultivars, 21-Segi, Baerotta, and Superbigarim, exhibited a statistically significant increase during the BR stage. These results are somewhat similar to those of Menichini et al. (2009) , who observed a decrease in total flavonoid content in the RR stage of Capsicum chinense and the value reported in this study; 63.5 to 77.8 mg CE/kg in the GM stage to 68.9 to 96.9 mg CE/kg in the BR stage was higher than previously reported by Howard et al. (2000) (Markus et al., 1999) . Compared with the GM stage, as can be expected, an %6-fold increment in b-carotene content could be observed in the RR stage (Fig. 1D) as was previously reported by Gnayfeed et al. (2001) and Navarro et al. (2006) . However, we observed higher b-carotene content ranging Green mature 10.4 ± 0.8 a 26.9 ± 0.5 c 26.5 ± 0.4 a 91.8 ± 3.2 a 145.1 ± 3.9 a Breaker 15.7 ± 0.7 a 24.9 ± 1.3 b 32.9 ± 1.2 c 88.9 ± 4.8 a 145.6 ± 7.3 a Red ripe 6.4 ± 0.0 a 22.2 ± 0.8 a 28.8 ± 0.6 b 93.6 ± 3.0 a 144.5 ± 4.3 a z Values are mean ± SD of three replicates in dry weight basis. y Different letters among ripening stages within a cultivar indicate significant difference by Duncan's multiple range test at P # 0.05. DW = dry weight. from 198.4 to 291.8 mg · kg -1 in the GM stage to 511.8 to 1291.3 mg · kg -1 in the RR stage than in red pepper (Navarro et al., 2006) and sweet pepper (Deepa et al., 2007) cultivars. In contrast, Deepa et al. (2007) observed some wide variation (%13-fold increases) among the maturity stages in sweet pepper cultivars. More prominent b-carotene accumulation could be observed between the BR and RR stages in that b-carotene content was low in the GM stage, exhibited a slight increase during the BR stage, and increased significantly during the RR stage. Although we observed the same ripening-dependent pattern of increase in all five tested cultivars, the magnitude of the increase between the GM and RR stages was highest in '21-Segi' (596%) with a 596% increase in the RR stage (1183.1 mg · kg -1 compared with 198.4 mg · kg -1 in the GM stage) followed by 'Superbigarim' (544%), 'PR-Mujeokplus' (518%), 'Muhanjilju' (381%), and 'Baerotta' (203%) indicating that both the cultivars and ripening stages are determinants of the b-carotene in red peppers. Free sugar content. The content of free sugars is strongly related to the sweet taste of peppers and consequently affects the marketability of harvested peppers (Soh et al., 2011) . Both fructose and glucose contents significantly increased as ripening progressed in four of the tested cultivars; the exception was 'Superbigarim', which showed no statistically significant difference between the GM and BR stages (Table 1) . Sucrose content showed a different accumulation pattern in that it increased from GR to BR and then decreased to a level below the detection limit in the RR stage (Table 1 ). The absence of sucrose in fully ripened pepper fruits is consistent with reports by Hubbard and Pharr (1992) and Navarro et al. (2006) , who suggested there was a degradation of sucrose and subsequent increases in hexose sugars. Similar to the findings of Navarro et al. (2006) , the total free sugar concentration increased significantly as peppers became fully RR in all of the cultivars with '21-Segi' having the highest total free sugar content (48.8 mg · g -1 ) among the cultivars.
Vitamin E content. The analysis of vitamin E isomers in pepper fruits showed the presence of four tocopherol isomers, a-, b-, g-and d-tocopherols, but the absence of any tocotrienol form of vitamin E. Among the four tocopherol isomers, a-tocopherol was present in the highest quantity (55.2 to 218.4 mg · kg -1 ), accounting for more than 70% of total vitamin E regardless of ripening stage and cultivar (Table 2) , which suggests its high health potential value because a-tocopherol is a well-known natural antioxidant (Ohkatsu et al., 2001 ) and the quantity in this study was higher than in other vegetables such as lady finger (12.8 mg · kg -1 ), pumpkin (12.7 mg · kg -1 ), and carrot (29.9 mg · kg -1 ) (Ching and Mohamed, 2001) . In all of the tested cultivars, total vitamin E content increased significantly as the pepper fruit ripened from GM to BR and RR, mainly owing to an increase in a-tocopherol. Other forms of tocopherol isomers exhibited inconsistent patterns of change during ripening and could not affect changes in total vitamin E content because of their lower quantity compared with a-tocopherol. Our results are consistent with those of Osuna-Garcia et al. (1998) and Menichini et al. (2009) , who observed higher vitamin E levels in mature paprika and hot peppers, respectively. Among the tested cultivars, Superbigarim had the highest ripeningdependent increase; its total vitamin E content increased to 256.4 mg · kg -1 in the RR stage compared with 85.4 mg · kg -1 in GM, corresponding to a 300% increase.
Squalene and phytosterols contents. Squalene, a lipophilic phytonutrient with proliferative and serum cholesterol-lowering effects (Khor and Chieng, 1997) , has rarely been studied in peppers. In our study, squalene content in pepper fruit ranged from 5.6 to 24.5 mg · kg -1 throughout the ripening stages, showing slight increases in BR and then decreasing again in the RR stage in most cultivars (Table 3 ). 'Baerotta' was an exceptional case, having a continuously decreasing squalene content from GM (21.9 mg · kg ). Among the three major phytosterols (campesterol, stigmasterol, and b-sitosterol) that were analyzed in this study, b-sitosterol ranged from 69.5 to 180.3 mg · kg -1 and was the major phytosterol in all cultivars and ripening stages (Table 3) . Different cultivars exhibited different ripening-dependent changes in total phytosterol content with '21-Segi' and 'Muhanjulju' having their lowest levels in the BR stage, 'Baerotta' and 'PR-Mujeokplus' showing continuous decreases, and 'Superbigarim' showing no changes during ripening. These cultivar-specific and ripening-dependent patterns of change in total phytosterol content were observed in all three analyzed phytosterols. This is the first report to our knowledge that generalizes ripening-dependent changes in squalene and major phytosterols in red peppers. Although our results suggest that all types of phytosterols in pepper fruits at the GM stage can decrease as ripening progresses, further careful study of phytosterols using a larger number of pepper cultivars is required.
Fatty acid composition. Under our experimental conditions, 10 fatty acids, including six saturated fatty acids (SFA), two monounsaturated fatty acids, and two polyunsaturated fatty acids, out of 37 targeted fatty acids, were detected in pepper fruits (Table 4) . Three major fatty acids were linoleic (47.10% to 63.22%), palmitic (20.31% to 25.69%), and linolenic (7.27% to 16.00%) acids. The high compositional ratio of polyunsaturated fatty acids (linoleic and linolenic acid) in pepper fruits is useful for human health because these fatty acids are responsible for reducing the rates of cardiovascular disease and type 2 diabetes (Willett, 2007) . Linoleic acid, which was the most abundant in pepper fruits (47.10% to 63.22%), was highest in the GM stage and then gradually decreased during ripening. Most cultivars showed similar decreasing patterns, with 'Muhanjilju' showing the greatest decrease (from 63.2% in GM to 51.6% in RR) and 'PR-Mujeokplus' showing a relatively smaller decrease (from 61.3% in GM to 58.8% in RR). The second major fatty acid was palmitic acid, which did not exhibit any changes during ripening. In contrast, linolenic, myristic, and oleic acids exhibited statistically significant increases in the RR stage compared with the GM stage. Lauric acid, which could not be detected in the GM stage, showed continuous increases during ripening. However, ripening-dependent changes in SFA and unsaturated fatty acids were only statistically significant in '21-Segi' and 'Muhanjilju'. So further study is required to clarify these unusual changes of fatty acids in pepper cultivars because this report seems to be the first one describing ripening-related fatty acid changes in pepper.
Capsaicinoid content. Two major capsaicinoids, capsaicin and dihydrocapsaicin, were analyzed in this study, and different cultivars exhibited three different patterns of ripening-dependent changes. The first pattern included '21-Segi', 'PR-Mujeokplus', and 'Superbigarim', which had their highest capsaicinoid contents in the GM stage with Values are mean ± SD of three replicates. Different letters within the same cultivar indicate statistically significant difference at P # 0.05 by Duncan's multiple range test. gradual decreases when peppers reached the RR stage (Fig. 2) . In 'Muhanjilju' (case 2), the highest capsaicinoid levels were observed in the intermediate BR stage, and in 'Baerotta' (case 3), the highest capsaicinoid content was found in the RR stage. Both capsaicin ( Fig. 2A) and dihydrocapsaicin ( Fig. 2B ) showed similar trends, and consequently total capsaicinoid content showed the same pattern. These results suggest that the ripening-dependent accumulation of capsaicinoids is highly dependent on the cultivar. Many studies have examined the accumulation of capsaicinoids (Conforti et al., 2007; Deepa et al., 2007) , and peroxidase has been suggested as a major factor of decline (Gnayfeed et al., 2001 ). Decreases in capsaicinoids after a certain physiological period are thought to be the result of changes in peroxidase activity, which may control the synthesis of capsaicinoids (Contreras-Padilla and Yahia, 1998; Estrada et al., 2000) . As was suggested by Zewdie and Bosland (2000) , capsaicinoid content in pepper may be readily affected by various environmental conditions and developmental stages. The fact that '21-Segi', which showed the highest capsaicinoid contents among tested cultivars, exhibited the same capsaicinoid accumulation pattern as 'PR-Mujeokplus' and 'Superbigarim' that showed relatively low capsaicinoid contents suggests no direct relationship between maturity-dependent changes and the level of capsaicinoid accumulation. In our experiments, only five cultivars were used and consequently more cultivar-specific studies on capsaicinoid changes during the process of ripening are needed by using a higher number of cultivars as well as by relating with other physiological aspects of fruit ripening. Antioxidant activity. The antioxidant activity of pepper fruits as measured by DPPH radical scavenging activity increased significantly with the advance of ripening in all cultivars (Fig. 3) Ghasemnezhad et al. (2011) and Howard et al. (2000) , who reported higher antioxidant activity levels in various mature pepper species. However, ripening-dependent changes in antioxidant activity were lower than compared with the previously described phytochemicals that were analyzed.
Correlations between phytonutrients and antioxidant activity. As was described previously, the phytonutrient contents of pepper fruits were affected by ripening. Antioxidant activity, which is an indicator of the overall health benefits of pepper fruits, also changed during ripening. To address questions about ripening-independent relationships between antioxidant activity and fluctuating phytonutrient contents, correlations between IC 50 and all phytonutrients in all ripening stages in all tested cultivars were evaluated. We found strong positive correlations between antioxidant activity and vitamin E (r = 0.814**), b-carotene (r = 0.772**), vitamin C (r = 0.610**), and total phenol (r = 0.595**) throughout the entire ripening process (Table 5) . These phytonutrients are all well-known antioxidant compounds, and these results are consistent with previous reports that described the antioxidant effects of various fruits and vegetables (Aires et al., 2011; Alvarez-Parrilla et al., 2011; Naguib et al., 2012) . In addition, strong positive correlations among the listed phytonutrients were observed (Table 5 ), indicating that the accumulation of these compounds was the major cause of the increase in antioxidant activity in pepper fruits with the advance of ripening. In contrast, similar to the results of Alvarez-Parrilla et al. (2011) and Materska and Perucka (2005) , no correlations were observed between antioxidant activity and capsaicinoid content, possibly because of the low antioxidant capacity of capsaicinoid compounds or the low capsaicinoid contents in our pepper samples. Similarly, campesterol, stigmasterol, b-sitosterol, and total flavonoid showed either negative or no correlation with antioxidant activity. Strong positive correlations were found among three tested phytosterols, campesterol, stigmasterol, and b-sitosterol, possibly because these compounds share the same biosynthetic pathway (Piironen et al., 2000) .
The present study identified changes in various phytochemicals and antioxidant activity in pepper fruits in different ripening stages. Vitamin C, total phenol, vitamin E, total free sugar, b-carotene, linolenic acid, and antioxidant activity increased as peppers matured and entered the RR stage. Phytosterols (campesterol, stigmasterol, and b-sitosterol) and linoleic acid were highest in the GM stage, and palmitic acid, squalene, and total flavonoid were highest in the BR stage. In contrast, capsaicinoids showed three different patterns of change depending on the cultivar examined. All of these results suggest that phytonutrients in peppers are, although affected by ripening in different ways depending on the nature of compounds, follow a similar pattern of ripening-dependent changes regardless of cultivar. Among phytonutrients vitamin C, vitamin E, b-carotene, and total phenol content showed the strongest positive correlations with antioxidant activity regardless of ripening of pepper fruits. These findings may also provide additional phytonutrient-related information to customers consuming peppers as a fresh vegetable or as a spicy powder that are produced with pepper fruits harvested at green and fully red stages, respectively. 0.772** z AA = antioxidant activity. *, **Correlation is significant at P # 0.05.and P # 0.01, respectively.
